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REPORT NO. 118.,

THE PRESSURE DISTRIBUTION OVER THE HOIitZOINTAL TAIL
SURFACES OF AN AIRPIANE.

By F. ~ ~OEl!ON. ..

UNIFORM FREE FLIGHT.

SUMMAEY.

This tiork was undertaken by the National Advisory Committee for &ronautics at the
request of the Bureau of Construction and Repair of the U@ted States ATavyin order to determine
as completdy as possible the distribution of pressure over the horizontal M mrfaces of an
airplane, and to analyze the relation of this pressure tc. the structural Ioads and the longitudinal
stabiIity. The investigation is divided into three parts, of which this is the first. This part is
for the purpose of de@nining the pressure distribution over two horizontal tail surfaces in

—.

uniform free flight; the second part to conduct tests of similar taiI planes. in the wind tunnel;
and the third part to determine the pressure distribution on the horizontal tail surfaces dur~o
accelerated flight on the full-sized airphme.

The general method used in this part of the investigation consists in detwmining the
separate pressures at a large number of points on the tail surfaces of a JN4H airplane, by con-
necting small holes, opening on the tsiI surface, to the tub= of a muItipIe liquid manometer,
which sinnikmeoudy measures the total number of pressures on one-half of the tail s&face.

-7.

The pressures are recorded by photographing the multiple manome~ with w automatic
.

camera which takes an exposure at each condition of air and engine speeds.
These tests in uniform free flight gave the following resuIts:
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8.

Under no condition did &e &erage tail load ‘=ceed 2.3 pounds per square foot.
The highest local load on the tail of the JN4H was 11 pounds per square foot.
The highest local load on the spechd tail was 25 pounds per square foot.
The tarque exerted by the taiI” about the X-axis ranged from + 1,200 inch-pounds

(in the direction of the propeller rotation) to -1,600 inch-pounds.
The sealing of the crack between the elevator and tail pkne has no appreciable effect

on the distribution of pressure.
The inversion of the standard taiI plane (flat surface up) gives a more uniform

distribution of pressure as well as improving the stability.
The airplane was very stable with the special tail of high mpect ratio even with a

center of gravity coefficient of 0.37.
The c~ter of pressure travel on the wings, as det ermined by the integrated tail load,

is farther fo&mrd than on the corresponding model.

INTRODUCTION.

PZEVIOUSWORK.

There has been comparatively little previous work done on the pressure distribution on
the horizontal tail surfaces, either in free flight or on models. Perhaps the most notable work
is that done by the British on the tail phme of a DH4, but unfortunately the pilot and observer

-.

were killed before the work was rnor4 than half completed, so that only the Ieft half of the tail
plane was explored. Some work has also been done by the Germans oh this subject, but they
have Limited themselves to a few points, so that their results are not at all complete.

_—

SCOPE OF PIU3SIH’I! IS7=TIGATIOIK

This part of the investigation inchdea the complete study of the pressure distribution
over two horizontal tail surfaces, one a standard JN4H tail plane, and the other” of special
construction, which was thicker and with a pIati form of higher aspect ratio. The pressur= —
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were reoorded at flight speeds of 4.5 mfles per hour to 100 miles per hour, and at engine speeds
of 600, 900, 1,200, and 1,400 revolutions per ~ute, @ order to get all of the conditions that
wouId occur, in flight, At the satie “time various modifications were mnde in the airplane,
such as motig the position of the center of gravity horizontality, and varying the tail plane
in angIe, section, and pkin form. The number of holesxm the tail were so numerous (over 200)
that the total pressure on the tail under any conditions could be obtained very accurately by
integration of the pressure distributiori curve. !lle rewdts are plqtted in a large variety of ways
in order to bring out as oleady as possible the exact distribution of pressure.

REFERENCES.

BSIOWare given the references to the most important investigations on this subject:

Distribution ofthe Pressuf6overthe Tail Plane ofa DH4Airplane. R. &If., No. 552,British Advieory Comrnittce
for Aeronrmtica.

Stabilizer and Elevator Prwure Distribution. Repoit of tie 13xprimental Department, Airplane Engineering
Divieion,U.S. A., December,1918. Workconductd at M. I. T.

Flosendruckmeawmgen,TechniecheBerichte, October 15, 1916.
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APPARATUS AND METHODS. ,

TAILSUBFACES.

The location of the holes in the standard JN tail surface is shown in figure 1 and it is
clearly seen that the hoks are spaced closely enough to give a very accurate representation .
of the actual pr-ure distribution. As this tail was a standard one, it was unfortunatdy
impossible to place the hol~ in regular rows along the span, necessitating a considerable
amount of extra coinputation. In anotier ted it would be considered advisable to rebuild
the ribs, if necessary, in order to obtain an even spacing. The total number of holes on tho
right-hand aide of the tail of both upper and lower surface were conneeted to the multipIe
manometer so that simultaneous readings wera taken on all of these holw. A soon as the
tests were completed on the right-hand half of the tail plane the tubes were removed and
placed in the lef~hand half and the tests were repeated. F@re z shows the Iayout of the special
tail plane which was constructed at the Naval Aircraft Factory. l?reasure tubes were attaehcd
h both right and left sides of this tail plane, but only one side cdd be connected to the
manometer at a time, as with the other tail. & this tail plane with its tubes was 60 pounds
heavier than the standard tail surface, it was necessary to place a considerable amount of lead
in the nose of the airplane in order that it might balance in ilight, and although it was designed
with suf%cient strength without extamal bracing, the usual tail struts and wires were attached
as an extra precaution.

In figure 3 is shoti the method of connecting the rubber tubes to the pressure holes. A
thin brass strip was run aIong the cap of each rib and the pressure tub~ were soldered into this
strip of brass; after running through the cap strip of the rib they were connected onto tho
corresponding rubber tubes. The tubm running to the eIevator were carried through rein-
forced holes at the hinge spars and run through the tail plane to the fuselage with those which
were connected to the holes in the tail plane, as clearly shown in figure 4. After the tubes were
placad, the tail was covered, care being taken to see that none of the tubes mere kinked or
that none of them were pierced by the needle when sewing on the fabric. After the fabric had
been doped and varnished, the cloth was carefully CULthrough above each pressure hole so
that a clean sharp edge-resulted. The tail plane waa then placed on the airplane and the tubes
run through the fuselage to the manometer as shown ii figure 5, great care being taken that
none of them was restricted in any way.
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HORIZONTAL TAIL SUEFACE OF All AIRPL,4ME.

Drmo3mTER.

The muhiple manometer, as shown in @e 6, consists essentiality

235 —

of two end reservoirs
connect~d by a central brass tube out of which rise 112 on&&hth-inch glass tubes, each of
their upper ends being connected to a hole in the tail plane. The top of the reservoir and the two
end glass tubes are all comected to a static head on the wirg strut as shown in @me 7, as it
was found that the static pr-ure in the cockpit was quite diflerent from the true static pres-
sure of the air. In order to rnakq the instrument as compact as possible the glass tubes were
cemented into the resczvoir at the lower end with p~ast+r of Paris and beeswax. It” was found
impossible to prevent a slight leakage, but this vise so small that it did not cause great rncon-
mnience in the work, and this leakage could evidently be stopped by using some alcohol-proof
cement. It was unfortunately impossible to obtain smalI, thin-walled glass tubing of enough -
uuiformit y of bore to avoid the necessity of mabg capiIlary corr~ctions, and as these correc-
tions entaiI a considerable amount of labor in the computation, every effort should be made
to obtain tubes of uniform bore fqr use in future instruments of this ty-pe.

The manometer was mounted in a wooden case for protection and a piece of opal glass was
placed immediately behind the tubes in order to give an evenly ilhminated background against
%hich to photograph. The top of each gktss tube was connected by a short rubber tube to a
brass connection plate on the top of the wooden case so that all subsequent connections could be
made without d~uer of breaking the ghws tubes. The wooden cese was mounted in tha air-
plane on the seat rails and pieces of sponge rubber -were placed beneath the instrument in order
to pre-rent axcessiv-e vibrations from reacJ@ the instrument; however, the mounting was
rigid eno~mh so that only very s~mht relative motions would be allowed. It was found that a
fair Wunimtion could be ob.taiued through the fabric of the fusehge, which gave a very even
and subdued light, but in future tests it would be advisable to put tranducent celluloid win-
dows in the sides of the fuselage. A photograph of the installation of the gauge was taken
(fig. 8) by cutting away a portion of the fabric of the fuadage. ‘

CAMERA.

In order to obtain a reading at all pressures sirmdtaneoualy the multiple manometer was
photographed by an automatic camera ins@lled on the seat rail in the fuse@ge just aft of the
pilot’s seat. & the space was very r=tric~ed it was necessary to use a wide-tugle lens, but as
this ha was of a high quality the distortion vvss quite negligible. The camera is shown in “figure
9,and consists of a lighhtight box containing two large diameter fi rolLs so that the movement
of the film would not appreciably change the diameter of the spools and so cha@e the spacing
of the pictures. The spool initially containing the film has attached to it a friction brake, so
that at all times the flhn is kept tight; the other spool contains a hrge diameter windlass around
which is initially wound a cord which runs thro~~h ptieys to a smaller w-idass at the piIot’a
seat, one turn of which will move the ti along md%cientiy for one exposure. In the same way
the shutter is connected by wires to a trigger located conveniently for the pilot, so that by a
single operation of the trigger the shutter will automatically give a one-second exposure and
set itself for the next. A lo-foot le@h of 3-inch panoramic film was used, and this was sti-
cient for taking the 22 exposureswhich completed one run. The mounting of this camera iS
shown in @ure 10.

An ~xposure of one second vas taken in order to give an average reading of each pressure
to eIiminate the effect of the small oscillations; however, observations and the extreme sharpness
of the photographs indicate that the height of the liquid in each tube was very nearly ccmstant.
Every tenth tube was painted with a black spot in order to facilitate the measuring of the tubes,
and a scale was placed at the center of the gauge in order that the true -cation could be
measured when the film was plaqed in the projection Iantern. A section of one of the records is
shown in iigure 11. It was found necessa~ in order to secure satisfactory pictures ta color tha
alcohol red and there was some difficulty in finding a coloring matter which would not be oti-
dized by the denatured alcohol which was used, but finalIy an ems-line dye was found which
would satisfactotiy retain its color.
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A1l of the runs were made at an altitude corresponding to a density of 0.9 in tho following
manner: At the start of each fight the altimeter zero was set by the reading of a mercurial
barometer so that the deiired density would come at a reading of just 2,000 feet-. Before each
exposure the airplane was olimbed considerably above the given height and the exposure was
made as the airplane reached the 3,000-foot level, having previously attained a steady condition
of flight. IIn the cotiputations this factor 0.9 does not enter in, as the air speed was not cor-
rected for density, for the same density effect will obviously apply to the air-speed reading as to
the surface pressures. There is one exception, howeve~the effect of the slip stream--whioh
will be a function of the density, and it was for this reason that all the tests were made at a con-
stant density.

METHODSOF READING FILMS Al@ COMPUTATIONS.
.

As it was very tiring to read the height of the menisci from the photographic record with a
magnifying glass, it was thought best to place the negatives in a projection lantern and throw tho
image onta a screen at a certain definite magnification. h this way the height of tho liquid
could be measured with a large scale very quickly and conveniently, using as zero a line scratched
across the flm between the menisci of the two static tubes. It was also nemsstiry to determine
the capillary correction in the same manner, and these corrections were in every case subtracted.
from the readings. The head of aloohol thus determined was then corrected by multiplying it
by factors for the density of the aloohol and the inclination of the tubes due to the longitudinal
position of the airplane in Jlight:

,
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The longitudinal angle of the airplane was determined for each flight speed with a liquid
inclinometer, and the remdta are shown in &n-e 12. It will be noticed that the angle is only
19° in a 100-ro.iI~an-hour dive, and this would ordinarily be called a steep dive, for the mgle
is always overestimated in such conditions. The head of alcohol as iead was then multiplied
by tha cosine of the angle of inclination of the tubes from the vertical.

i
3~ODS OFmcmmm mm mmwrrow

The vaIues in true head of water were tkp plotted rdong each row of holes in the direction
of the air flow, the upper and lower surface using the same base line, so that the phmimetered
area between them reprwmts the total pressure along that section. A few of these curves are
shown in figures 36 to 79. Because of the irregularity of the hoks occasioned by structural
considerations, it was necessary to cross fair these preliminary Curvmj thus obtaining pressure
sections at right angles to the air flow. These curves are shown in figures 80 to 122, and give
the sum of the air forces on upper and lower surfaces. These curves are sections of a solid
representing the total load on the tail, and are re-rolved about their r=pective base lines into
the pkine of the tail, so that in the figures an area on the forward (leading edge) side of the base
line will represent an upward or positive load. The area under each of these curvw. was found
by planimet~m, and by using the values thus obtained as ordinates for a curve drawn pandlel
with the air flow; the total pressure on the tail is repr=ented by the area under this second
curve. The point of action of this pressure was found in each case by integrating this area
about the hinge with a mechanical integrator. These curves are shown in @ures 123 to 242.

k each figure two vectom are shown, one, marked T, representing the center of pressure of
the complete tail surface, and the other, marked IL represmting the center of pressure on the
elevator alone. In each case the vectors are shown to scale (in position, but not in magnitude),
except where they are off of the paper! but the &stance of tie vector from the hinge is given
each thnQ in inches. Ii the curves representiw the tots-l pre=ure parallel to the leading edge
the same system of -motors is used, =cept that they repr=~t ti ~ cases the force on the com-
plete half of the tail; and the mommt of bat half about tie center he is given in addition to
the distance from the center line. The force on tie elevator control was found by taking the
moment of the pressure on the elevator about the be, but as the results were not as reliable
nor as easy to obtain as direct force meaaummmts on the stick, no results of this character are
plotted in this report.

There is another method of easily obtaining the total load, or the moment about any ti of m
irreizular Pressure surface, which maybe termed the plastic method. Let us suppose that a scale-. . .
model is made of the tail vzith adjustable pins at tie points at which the pressure readings were
taken. If ea~ pin is then set at such a height as will correspond to the pr=ure at that point,

FIG. =Gdd Of-G mrmee-Cue L6W r. p. v ICIm. p. h.
TM If@t+olmed material IWZesemtedown prwwre and the d.ork

metald UP prwure. The wIon of down lood is evident at the
hsdlag Odg& .,
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a skeleton of the desired surface will be obtained. By filling the-space between tho pins with
a plastic material-clay or plasticene-and fairing in the surface, which it is very easy to do
with a little practice, a solid is obtained which represent the actual load on the given surface.

The total load or its moment maybe easily found from this model solid simply by weighing
it, or by balancing it about any desired axis, provided the density of the plastic material is
known. It is evident that this method is applicable to an irregular sp~cing of poinh where n
sectional method would be impossible or at least very laborious, and even with cwmly spaced
holes it is wry much quicker than a two-dimensioned method. The plastic method wtis used
in this investigation for only a few cases because of the necessity of obtaining the scctionul
curvee for two-dimensioned reproduction. (See figs: 13 and 14.)

PRECISION OF THE RESULTS.

EEItOBS IN READING FILM AND COMPUTATION.

It is possible in nearly all cams to measure the actual head of alcohol from the enlarged
negative within the limits of plus or minus 0.003 of an inch. As all the calcu~ations were carried
out to the nearest-0.001-of an inch; the computed h&d should be correct in every crwc to at lcast
0.005 of an inch. The areas under the curves were planhnetered several times in order to get
a correct reading, so that all the area can be considered correct within plus or minus 0.01 of a
square inch, h egror somewhat larger th’kn this is introduced, however, because of the incor-
rect representation of the curve between the given points, and this is especidy truo at tho cnd
of the tail plane where the pressure gradient is very steep. As 1 square inch under the final curve
is equal to approximately 10 pounds, the total load on the tail will be given to within plus or
minus 0.1 pound if the curvw are assumed’ to be correct. The difficulty in drawing a true pressure
curve through the given points will, however, considerab& increase this error, so that the total
load on the tail can not be assumed to be correct to better than one-half of a pound from them
causes of error.

BREORSm FHG~.

The errors due to computation and reading are, however. small compared with tho mrors
inherent in all fulI-flight work; that is, errors arising from irreguhw atmospheric conditions.
For example, if the airplane happens to strike a bump in the air at the time that the exposure
is taken, it may considerably alter the value of the pressure obtained, especially those pressures
on the movable portion of the tail plane. For this reason the tit runs were repeated in ordor
to check the results, and it was found in most cases that the check run agreed very closely with
the originaI run. The subsequent work was very complete and there was ample chance for
checking; as so little change was made in the flight conditions from one run to another, it was
not thought necessary to make check runs in every case. The excellent agreement that can
be observed between the pressure curves taken midiw nearly idenbical cxmditions leads ono
to have confidence in the results, as any part that is appreciably in error will be at onto shown
up by its lack of resemblance to a simiIar curve.

It will be noted that the points calculated from the tital load on the tail in order to obtain
the pitching moment due to the wings and body do not lie smoothly on their represcntativo
curves and in comparison with wind tunnel rmlts, for instance, they would look rather unsatis-
factory; but it should be remembered that all results obtained in full flight aro inherently
irregular, due to conditions of the atmosphere which can not be overcomej and it is only possible
by taking hrge numbers of readings and averaging them to get a satisfactory mean value.
The moment curves check well with one another and the close agreement between tho center
of pressure traveI curves for the difbrent ccmbkatiom used, a~ give a good indication of tho
accuracy of the results. For dete rmining pitching moments, however, the pressure dishibu-
tion method is not as accurat~as the method used by the British where the fuseIage was jointed.1
As all of the readings and the computations have been carefully checked at every step by this
method, it @ felt that on the whole the results are presented as closely as it is possible to do so. .

1BritishAdvisory ComrnltteqR.& M. No. MO. IfThe mu & Detwtitfm of thePitOhhq~OIUUItiCdS.B4hum”
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SCOPE OF TESTS.

In order to represent as fully as possible all of the conditions that occur in @ht on tail
phme.s the folIow@ variations in the airplaine were made. It should be noted that in this
report the center of gravity coefficient is the distance of the center of gravity from the nose .of
the mean chord in fractions of the chord. The mean chord is taken at distances from the
upper and lower wings which is inversely proportional to their axeas; that is, 60 per cent of the
gap above the lower wing.

Ckee I.-on this run the airphme had a standard rigging of 173 inches of stagger and a
center of gratit~ coefficient of 0.381. This position of the center of gravity is about the standard
position for an airplane of this type, and in order to compensate for the lack of a passenger
in the rear seat a sand bag was tied to the floor boards in the rear cockpit.

Ctzse IL-In this run the conditions were the same as before except ‘that the sand bag
vim removed from the rear cockpit and some lead was placed in the nose of the airplane just
aft of the radiator. This ga~e a center of grrrdy co&cient of 0.326.

&-se 111.—Wlth the same position of the center of gravity as in the pretioua case the tail
plane was gi-ren a negative angle of li”; tit is, the flat lovwr surface, which in the previous
run was paralIel to the longerons, visa raised at the rear end in order to ghre this surface a slope
of I*O.

case 1 T’.—In this run the conditions “of the airphne were exactly the same as in the pre-
vious run; the only change behqg the sealing of the crack between the elevator and the tail
plane with flat sheets of celhdoid, which we screwed to the taiI plane and were alIowed to
rest by their own weight on the movable portion of the taiI surface, smoothly covering up the
interve@v crack.

Lrbse ~“.—In this run the stagger of the airplane was reduced ta S* inches, the taiI phme
was inverted so that the flat surface was uppermost and parallel to the Iongerons, also enough
lead was placed m the nose of the airphme to give a center of gravity coef6cient of 0.244.

&se FI.-In this run the stagger ~ again 84 inches, and the center of gravity coefficient,
due to the heavy tail, was 0.370.- The tail surface was a speeiaI one of thick section and&h
aspect ratio (fig.. 2), with ib chord parallel to the longerons.

In none of these cases was the airplane very btylly out of bahmce and at SU times it couId
be flown with a fair degree of ease. In the fdth case, however, it was a little W&wlt to get
the taiI down in making a landing. It was noticed when flying the airplane with the special
tail plane that the longitudinal stability was greatly improved and the airphme flew hands off
with both open and closed throttle. This is quite remarkable in view of the rearward position
of the center of gravity, and a more complete study wilI be made in a subsequent report.

E.WGE OF ~ AND ESGIXE SPE.KOS.

For the first fire cases the folIow-@g 22 combinations of air and engine speeda were used
each time:
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In Case VI only the following combinations were used, as it was thought that, taken with
the preceding data, the information obtained would be sufficient.

I I
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GENERAL DISCUSSION OF RESULTS.

The discussion wilI be mainly confined to the=nsideration of the actual pressures and to
their relation to the structure. Further on the change in load with flight conditions will be
analyzed more carefully @ respect to airplane st~es and stability. The subject embrawd
by the report is so wide that it is diilicult to keep in miyd all of the data at one time, and only
by constant reference to the CUIIVEEIcan a comprehensive view be obtained.

THE PRESSURE DISTRIBUTION WITH A STANDARD BIGGING OF THE AIRPLANE.

For this run the preliminary curves under all conditions are given in figures 36 to 79. These
are given in order to show the pressure distribution as separated on the upper and lower sur-
faces, A suction is plotted downward and a pressure upward, the upper surface and the lower
surface using the same base line. Tlie greatwt suction occurs on the lower surface of tlm tail
plane very close to the leading edge. The suction k ho large at the very tips of tho @il piano,
this being due to the raked tip acting in the samu manner as a leading edge. There is rdso a

. tendency at high speed to have a large suction o~ the upper side of the ebator, 6spccirdly
near the outer part of the span. At no point, however, on the tail plane did the suction reach
a value higher thq 14 inches oj water, and as this suction is comparativdy very small them
should be no fear of stripping the fabric on a well-constructed job.

It will be noticed that the pressure curve on the elevator has a rather defiite wave form
with a period of about 12 inches. The reason for this is probably that the discontinuity due
to the joint between the elevator and the tail plane gives rise to a stationary wave which con-
tinues along the surface. of the e~evator. It will be notiwd later that when the crack is sealed
up these waves are much reduced, but they are even then in evidence. The discontinuity of
prcwmre at the hinge of the tail plane is in no case very large; in fact, it is much smaller than the
results from ‘the model test would indicate. Theline of zero pressure used as a base line in a

good many cases lies above the pressures on both the upper and lower surfaces, showing that
the static pressure in the slip stream is below that of the true static; but this would not, of
course, affect the load on the surface which iE independent of the baseline. It was also noticed
that the pressure in the cockpit was from an eighth to a quarter of an inch below the true static.

In order to give a better visualization of the pressures over the sufiace the tottil pressure
has been plotted in figures 80 to 101 in order to show this more clearly. It is evident that the
greatest load occurs on the leading edge of the righ~hagd side of the tail plane under practically
t=dlflight conditions. These curves show very strikingly how great a difference there is between
the pressure distribution on the right and left aide of the tail plane, so that a pressuro distribu-
tion comprising only one-half of the tail would be..of very little value in detmnining the total
tail load. Some of this difference is undoubtedly due to the fact that the rudder and fins am
not symmetrical in flight, but the greater part is due to the fact that the angle of incidence and
velocity over the two halves of the tail plane are different, due to the rotation of the slip stream.
It should aIso be noticed that a very large torsional load could be put on the fuselage by not
rigging the elevators at the same angIe of incidegcg; that &, if one elevator is several degrees
higher than the other it will greatly change the pressure distribution on the tail plane, so that
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great care should be taken when riggirg an aiqdane to ascertain that the elevate= are properly
lined up.

In Qume 123 to 144 the curves shown represent the total pressure on the tail plane plotted
on a section taken paralleI to the pl~e of symmetry of the airpkme. These curves me shown,
one for the load on the right+hand half of the tail plane, and one for the load on the left-hand
half of the taiI plene, and the third serves h represent the tataI load. The most important
features shown by these curves are the conaiderable dit%rence between the rigkt and left half
of the tail plane and the large suction at the leading edge of the t.d plane.

In figures 243 to 264 are @own curves giving the total pressure on the tail pkrne on a
section at right an@s to the X-axis of the airplane. These curves show that the piessuie is
greatest at the tips of the tail plane and elevatom By plotting the moment of the area of this
cnrv; about its line of symmetry it is possible to compute the torque of the tail plane about the

- X-axis of the airplane, which @l be discussed more in detail in a later portion of the report.
h attempt has been made in figure 13 to give a more realistic picture of the distribution of

pressure than is conveyed by a set of curves. It is not possible to satisfactorily represent a
three-dhnensioned @re in two dimensions, but it is hoped that the photographs of these
models ~ aid the reader in grasping the general trend of the tail pressures. The white surface
is a plane lying in the tail surface arid consequently representing zero pressure. Alight-colored
plastic material is used for negative pressures (downloads) and a dark material for the positive
pressures, and the lighting is such as to show the relief to the best advantage.

It can be stated in general that viith the airphme rigged as described ab~ve that under no
condition in uniform flight are the loads set up by the pressure on the tail plane at all large,
the load per square foot on the tail plane seIdom a~ceeding one-half pound per square foot and
the maximum reached amounted to only 1% pounds per square foot. This load IS quite insig-
nificant and amounts to little more than the weight of the tad itself, so that it may be con-
cluded in steady flight that the stresses in, or due to, the tail plane may be considered of quite
negligible value. The torque on the fuselage due to the tail plane is, however, considerably
larger than has been realized before.

TEE EFFECY OF CHXWGING THZ POSIY1ONOF ‘TM?CENYEE OF GRAVJ.YY.

In Run II the c ter of gravity was moved forward and the result@ pressure ~tribution
%on the tail plane w found to be similar to those of Case I. The p@iminary curves were

omitted, as it was thought that they would be of little interestl for they showed .no great dHerence
from the curves obtaimd in the first case. & -was expected, moving the center of gravity
forward produces a greater negative load on the t,d phme. Examination of the curves, however,
shows that there is practically no diHerence in the distribution of the prew.re contained in the
two cases. A discussion of v~iation in total load on the tail phne, due to the change in air
speed and revolutions per minute of the engine, will be discussed later in reIation to their eflect
on the stability of the airplane; but in general it may be stated that Lhe distribution of pressure .
on the tail is not appreciably affected by any change of center of gravity position.

=~ OFOELU$GNG= ST~ W-GLE.

., Caae”III ia a duplicate of Case 11, a~cept that the position of the taiI plane has been moved
to 1~” of negative angle. Contrary to the case of altering the center of gravity position, the
changing of the angle of the tail plane produces a considerable change in the distribution of
pressuxe. This is esplained by the fact that the total load on the taiI must be the swne as “
before, and as the tail phme is at a greater negative angle the load on this part of the tail plane
wouId be more negative while the correspond@ load on the elevator must be more positive,
thus necessitate@ the lowerirg of the ekwatom. These facts me cotied by the greater force
that must be applied to the stick when the tail plane is turned to a more negative angle; that is,
the ship feeIs as if it were more tail heavy tith a negative tail-plane setti.rg. This chsmge of
pressure distribution can be seen more clearly by comparing the curves of total piessure (figs.
145–166) in Case II vzith simh curve? occurring for Case ~ (@s. 167–MS). The curves in
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figure 15 show this chtingi in lWU1l.mhvecm tho tail plnnc nnd olmatms with n chnngc in ttiil-
phtne setting. It is clear from these’ curves that u negative tail-pltmo setting of l~”
with the same center of gravity position will shift a load of ~bout 20 pounds from
the tail plane to the elevator, and it is interesting to notice thtiL this distance between
the different curves is practically constant in amount for any condition of fright. The
difference in load, however, between the ttiil plane. and ekvator load wmies in inverse proportion
to the air speed. It may be concluded that a change in the angle of ttiil-phme setting makes
a consiclerrtble ditlerence in the distribution of pressure o~er the tail pkme and in gencmd a more
negative setting of the tail gives a more negative pressure on the tail ph-me nnd n mom positim
pressure on the elevator.

EFFECT OF SEALING THE HINGE CRACK BETWEEN THE ELEVATOR AND TAIL PLANE.
0

As model tests indicated that thare was a coneiderable amount of leakugc of air through
the hinge crack of the tail plane, it was thought that some dl~t~ of int~r=t mig~l~ bc obtained
by taking a run with the crack sealed up. This whs accomplished by phwing thin shee~ celluloid

-60 I I I I I I I v

Ilk,
45 .50 90 /00

Pg. /.. “Z qaeetZ7 A? R%

over the crack on both tho upper rmd
the lower surfacesso that tho resulting
surfaces were quite smooth and contin-
uous with any clcvator position. llx-
cept for a slight tendency to smooth
out the wavo form of the firessure curve
on tho elevator, there is no diffcrcnco
between the run with the crack scaled
and with the crrwk open. I’or this rcfi-
son only the curves of total pressure
are given, in figur~ 1S9 to 210; as the
other CLWV59_wcre similar to lho curves
of Run III within the errom of the ex-
periment. The fact that thwc is no
change in the pressure distribution with
the sealing of the crack does not show
conclusively that scaling the crack has
no cflt!et cm the cdliciency of the tnil, for
{he rmssure distribution on a thin sur-

face of this type does not indicate the drag, so that it niay ~e that scnling tho crack will con-
siderably decrease this factor.

/

THE EFFECT OF INVERTING THE TAIL PLANE

In this’run the tail phme was inverted so that the flat surface -was uppmmost and parallel
to the longerons. As should be “=pected, this change makes ti mmkcd difference in the distri-
bution of pressure and the effect is clearly seen in the curves of pressure in figures 105 to 112.
The greatest effect on the pre+ure distribution in this position of the tail plane is the more
e~en distribution of pressure across the span, especially the elimination of the region of high
suction near the tip of the tail plane. Curves of total pressure (@gs. 211-232) show that the
point of maximum suction is moved back from the leading edge a considerable amount and
that the load orI the elevator is also moved nearer to the trailing edge. That is, instead of being
a sharp peak of suction immediately above the leading edge, as in Case II with tho ordinary
disposition of the ttiil plane, in the case where the tail plane is inverted this pressure is distributed
fairly evenly over the whole tad plane, reaching its maximum about a third of the distnnco from
the leading edge of .~he tail plane; so that it would seem that from a struct urd point of i’iew it
would be of great advantage to use this form” of tail plane, as it would distribute tho lend in a
more satisfactory manner. As will be shown later, this td phtne aLso gives a greater degree of

stability, and its use is recommended from all points of view.
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THE PEESSUEE DISTRIBUTIONOVER TM? SPECIALTAIIIPLANE.

The taiIplane shown in iigure 2 is of a more modern design and has a rather thick double-
cambered section and also a coneiderably higher aspect ratio. The pressure cumea which are
given in figures 113 to. 122 show that the pressure o-rer the tail plane is greatly altered from
that over the ordinary tafi plane. The greatest &fTerence is the very h&h peaks at the leading
edge and at the eLevator hinge, one up and the other down, which reach ~ery great magnitudes
at the higher speeds. This introduces high locaI loads and a large twisting mom@ that may
seriously stress the tad structure. The cause of this peculiar distribution of presure may be
due either to the thick section or the Mgh aspect ratio, but the former is the more probable
cause. A model of this tail at 600 revolutions per ruinu te and 100 miles per hour is shown in
figure 14. This twisting about the Y-axis may be @ite serious, and the front spar should be
made very still in thick-sectioned tail planes to prevent a deflection of this member. In one
case the moment about the Y-axis mia o-rer 600 fool-pounds-an exceedingly kmge moment,

- and one that might have caused faihu-e in a kss strongly- constructed tail surface.

TORSIONAL EFFWT DUE To THE UWYMMETRICAL LOADING OF TE TAIL PLANE.

DISTEWUTION OF LOAD ALONG THE SPAN OF THE TAL SURFACE.

In figures 243 to 264 a few cases have been worked out showing the totaI pressure on the
tail taken nornd to the X-axis of the airplane. These curves, whiIe they show the shape of
the pressure variation quite accurately, shouId not be taken as ah indication of the exact total
pressure, as it is impossible to fair these cur-v= =actly, due to the irregular position of the
holes: and for this reason they do not cheek with the more accurate determination obtained
from cross faking. They do show, however, the concentration of the load on the tip of the tail
plane and also the unsymmetrical loading due to the rotation of the slip stream.

Ml of the curves show a double ma.timum at the tip, the edge of the dip stream causing
the inner one and the raked tips the outer. Although no torque curves were drawn for Case

VI, it is very evident from an =amination of the pressure curves that the torque on this taiI is
very small. This can be explained by the fact that the tips of the taiI plane are out of the alip
stream, so that there is little inducement for the buiIding up of high pressures at these points.

VARIATION OF TORQUE WITH MS SPESD.

In f@re 16 are shown three curves representing the torque in inch-pounds about the
X-axis of the airplane plotted against air speed in males per hour for several cases, at 1,400
revolutions per minute. All of the curves increase to a positive value of the torque from 45
miles per hour tu about 60. From that part on, however, the curves faII off quite rapidly,
especially in Run V where the curves indicate a considerable negative value. The shape of
tbe curves is rather peculiar and it would not be expected that a maximum of positive torque
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woild be reached ht a speed of 60 miles an hour. An explanation may be obtnined perhaps
by studying the velocity diagram obtained by the Royal Aircraft llstablishment on a Bl12C
airplane of the tractor type.a These results show that the slip-stream is divided by the wings
and body into two separate streams~ one with an inclination downward and the other with an
inclination upward, and that these two streams arQ”~ various positions ac;ording to the slip
of the propeller. It would be expected that the ro$ation of, the slip stream would be propor-
tional to the slip of the propeller; that is, at low air speeds and high engine speeds that the ro-
tation of the slip stream would be a maximum and at high air speeds and low revolutions pm
minute that the slip stream might even rtitats in J&e direction opposita to th~t of the pro-
peller. Therefore, with a constant engine speed the positive torque on an airplane should be
greatest at the low speeds and should increase proportionally to the air speed. The results
of the British, however, as above referred to, show that the regions of high velocity do not
occur at the same .pl~ce at all flying conditions, but that the high-velocity regions arc rot-at!ed
with the propeller as the slip increases. This effect may then ca~e the high-velocity region
of the slip stream on one side to flow either above or bdow the tail plane in some flying conditions,
so that the torque would be in that ease greatly changed as the slip stream on ono sido would
strike that half of the tail plane and the slip stream on the other side would come above or below

Mnhw Of iisTf7Bum Lcw
fig./8. - W AISAND TEST.

it, thus making a large difference in tie pr=sures on the two Sidm of the tail plane. That is,
one-half of the tail, although’ it may have the highti-ywle of at tuck? die to SUP stream rotation,
at the same time it can have the lower load lecause Of the geatly lowered slip-stream velocity
on that side. This is undoubtedly the cause of tie large negative torque that occurs on Run
V at high air speeds.

VARIATION OF TORQUE WITH ENGfNE SPEED.

h figure 17 are plotted curves showkg the variatio~ in tail-plane torquw with a change
in engine speed. These curves show, as would be expected, that the torques ttiko a moro
positive value as the revolutions per minute of the engine is increased. A cause thtit may change
the pressure distribution cm the tail plane somewhat, and one that can not well be eliminated,
is the effect of the rudder, S-Sthis member must be set over more to tile right as the rate of
engine speed is increased, in order. to balance “the torque of the propeller.

RECOMMENDATIONSFOR SAND LOADINGTAIL SURFACES.

It is, of course, impossible to draw a fin~l co@usion On the most logical method of sand
loading until the work on tail loads k accel~ated &ght has been completed; however, as thi
tail load is usually considered to be of considtiablq. magnitude in a rapid nose dive,. the general
characteriatica of the regions of high=t pr~sure may be summarized = follows: .

zTheDesignof Sc”mwprow~ws”~~ fi~fh H.”C.~att~”pp. ~~” ‘ ““=” - “ = ‘” ‘ ‘– “--– ““- ““ ““
.

a -~q ,:- .__&



.-

HORIZONTALTAIL S~AO13 OF AN ~-E. %5

(1) The most highly loaded region lies along the leading edge and along the tips of the
tail plane and is of very narrow width, being about one-fifth of the chord of the whole tail
surface, with the exception of Case V—where the tail phme was inverted-in which case the
distribution was over the first three-fifths of the taiI Surface.

(2) The load on the tail (negative) is proportional to the position of the center of gravity;
that is, the further forward th~center of gravity the greater is the load on the tail.

(3) The distribution of load along the span of the tail phme shows regions of high pres-
sure at the tips.

(4) In some cases, particularly at high engine speeds, there may be a hwge up pressure
on one half of the tail plane and a large down pressure on the other half.

(5) The down load on the elevator is in all cases very small and it times the up load may
be considerable, but the latter is balanced by the static weight of the elevator and so is rela-
tively unimportut.

It should be noticed that the preceding conclusions are based only on uniform flight, with
speeds up to 100 miles per hour, and the distribution, especially the down load on the elevator,
may be considerably altered when this member is moved to a Iarge angle with the tail plane,
as would occur in accelerated fliggt. It is probab~e, however, that the load on the “tail jltme

will not be much increased in stunting, as the damping effect will somewhat neutralize. the load.
The following recommendations for sand loading the t afl surface me based on the cmdusions
from these tests in uniform flight:

1. A unit loadjng on the tail surface of 3 pounds per square foot with a center of gravity
position of 0.30 will be sufficient for speeds up to 120 males per hour. Of course, this unit
load% should be multiplied by the load factor which is used on the remaind,w of the airplane.

2. The unit tail loading of the airplane should vary with the position of the miter of gravity -
and it is recommended that if a center of gravity coef6cient of 0.30 is taken as unity, 5 per
cent of the tail load should be subtracted for ewry per cent that the center of gravity is back
of this point (the center of gravity coefficient not to exceed 0.40), and 10 per at should be
added to the tail load for every per cent the center of gravity is forward of this point, per- -
centage being taken on the mem vring chord.

3. The load should be distributed on the tail in a sand test around the leading edge and at
the tips with a width of about one-fifth of the total tail surface chord es shown in &me 1S.

4. Because of the uns~etrical loading of the tail surface at times, one side of the tail
surfaces should be loaded at a time; that is, one half shouId be completely loaded, the load

\ removed, the second IMlf completely loaded and then both haIvea loaded together.
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5. In uniform flight the elevator load can be neglected, as the loads are upward and these
are balanced in a large part by the static weight of the elevators. Tho ele-raters should have a
separate t.ast in order to withstand a pull on the control stick which will represent the maximum
that it would be possible for the pilot to exert, but this load would occur only when suddenly
pulling up the elevators and would not be present in uniform flight.

LONGITUDINALSTABILITY. -

The subject of longitudinal stability in free flight is in a rather confused state because of
the complex effects of the dip stream, which are not as yet thoroughly understood. l?ractically
all of the stabiIity theory is based on coefficients which are determined from model tests mado
in the wind tunnel, and up to the present time it has been imposaibIe to reproduce accurately
the slip stream in the wind tunnel; so that the tests made in this TWLyrm not in any way com-
parable with conditions in free flight when the engine isrunning. Only by a study of the forces
on the controls and an exploration of the velocity and angle of the slip stream during various
fight conditions cm) we come to any conchaions as to the effecti on the longitudinal stability
of various ahrations in the airplane. It has been slo~” that the- two causes which have the
greatest effect on the longitudinal stability are the position of the center of gravity and tho
size, form, and position o~ the tail plane.

l?+?,2f. A@. of of,bck.
FIg.22. A?7g/11Ofowock.

.-

THE FUNCTION OF TEE HORIZONTAL TAILSUtFACSS.

The methods of obtaining longitudinal stabiIity by metms of a horizontal tail surface can
be made clear by citing a few simple examples. There is, in figure 19, plotted the center of
pressure travel for a flat plate and a typical aerofoil. If the ilat plate is supported at its leading
edge or.ahead of its leading edge it will evidently be stable—in the manner of a weather v-anc—
for any angle of incidence, although t,here will be a position of unstable equilibrium fit lSOO.
If the support is now moved 0.3 of the chord back from the leading edge, the pIate will be stablo
at an angle of +70 (where the center of pressure is at the support), and is in unstable equilib-
rium at OO. This is the case of a balanced control surface which has a small unstable range
about the zero position, a rather undesirable condition, especially on airships. Therefore a
flat plate or a thin symmetricrd surface must be supported at least as far forward as the leading
edge to obhain complete stability when moving at a constant veIocity.

Now, considering the stability of a cambered surface, which has an unst able center of pres-
sure travel, it can be shown that if the air passes by the wing at constant speed we may still
have stability by placing the support far enough forward. For this purpose moment curves
are plotted in figure 20 for various positions of the support, and it is seen that. the wing is com-
pletely stable—a curve of negati~e slope-when it is supported Iess than 0.24 of the chord from

*
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the leading edge. It should be noted that the support need not be taken as far forward in the
case of cambered wing as with a flat plate in order to get stability even though the lat.ter has a
stab~e center of pressure travel. It may he concluded that a surfam run at constant speed-
may be made stable, no matter what the center of pressure tra-rel, provided the support be taken
sufficiently far forward.

For the full-sized airplane, however, vie have different condititms; that is, there is a con-
stant weight on the airplane and the speed varies in uniform flight in such a way that this might
will just be supported. Also, in uniform flight the moment ~about the center of gravity mu&
a[ways be zero; that. is, the” moment due to the win~ and body must at all times be balanced
by a moment, in the opposite direction and of the same magnitude, exerted by the tail surfaces.
In the case of an airplane in flight, then, the moment curve will be defied by the weight of the
airplane multiplied by the distance of the center of pressure to the center of gra~ity. This
curve will, therefore, rdways have the same shape no matter “what the position of the center of
gravity, thus giving the moment curves of the wings stability or. instability y according to
whether the center of pressure travel is stable or nmt able.

.%s it is impossible to make a simple surface stable at varying speeds unless the center of
pressure travel is stable and there is no practical surface with this property, it is nec-ary to
resort to a secondary surface lmown as the tail plane to obt sin st abiIity in a full-sized air-
piane. The tail plane acts in the same way as the vane on a weathercock; that is, the moment
curve due to the tail is very stable because of the large distance between the tail plane and
the center of gravity. In this case the tail phme does not carry a constant load, as do the
Wings, so that its moment curl-e can be very stable. even ~o~h the cent= of pres~~e tra~~
for the surface itself be unstable. Suppose a series of moment curves are plotted as in figure
~1 for a model ahplane ~ fie ~fid tu~el at variow positions of the elevator. hTOW, if this

airplane is flying at. varying speed and constant load, the moments on the model tests at any
Lgiven angle of incidence would be multiplied by the square of the ratio of the corresponding fuIL
scale speed to the speed of the model test, giving the series of curves shown in @e 22. It is
seen that these new moment curves w stable at high angles of incidence and are all tangent to
the constant moment cur~e at zero moment; but as the moment of the ffl scale airplane at a
constant flight speed must be zero, the only part of the -iariable-speed curve we are interested
in is where it crosses the zero moment a-xis. The stabiIity is determined by the slope of the
moment curve, and as the two curves-constant and varying speed—are tangent at zero
moment, it is evident that the stab-fity at varying speed is the same as at constant speed, pro-
vialing the moment curres for various elevator set tinge are parallel; and this is the case in prac-
ticably all airplanw. I?rom the standpoint of efficiency it is not desirable to move the center
of gra~ity far enough forward to obtain complete stabiIity for the wings alone, but this is
unnecessary if the moment curve of the tail is stible, for by combining a -rery stable taiI with
a slightly unstable wing the complete airplane vdl have stab~ty.

The moments of unstable wings can be made stable at constant speed by mo@ng the center
of gravity fm eno~~h forward, but with a constant load and mu-ying speeds, the stability of the
wingg can not be cha~~ed by vmj-iqg the position of the center of gravity. The complete air-
phme, however, has the same stability for varying speeds as it has for constant speed. It should
be noticed that although the -rectors obttiined by a model test maybe Stable, this does not mean
that an airplane in free flight W-Wbe stable; on the other hand, an airplane may be stable in
tlight even though it has an unstable position of the ~ectors. However, if the slope of the
moment curve on the model is negative the full-sized airplane -will be stable, and if positi~e it
will be unstuble, of course neglecting the effect of the tip stream.

ACYION OF THE T~ PL~NE AN3 EJAE~ATOR.~ PEODCC~G FrrC~G ~IO*~S-

The horizontal tail surface consists, in almost W modern airphmes, of a fixed portion with a
movable port-ion h@ed to its rear e~~e. The turn@ of the rear part will, first, change the
angle of attack of the enthe tail surface, and, swond, charge the camber of @ section, thus
effeot.ively changing the lift coefficient of the tail by the application of very little force to the cxm-
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trols. The pressure curves indicate that the distribution of load is constant between the two
parts of the tail for the small angular changes used in flight, so that it may be assumed that the
force on the elevati~ k-very nearly proportional to .thaforce on the whole horizontal tail surface.
This is confirmed by the simihwity between the stick force curves and the pitching moment
curves of the tail, although there is a discrepancy at very low speeds whore the elevator angle
is quite large.

It is desirable in every airplane to have the stick force zero at the normal flying speed, a result
that may be accomplished in two ways; fist, the inevitable weight of the elevator may h bal-
anced statically by weights or springs, or, second, the weight may be balanced-as is usual—
by the air force acting on that memker. Now, in order to obtain a sufficient ~ir force to bnhmco

.-

9

Go
P“$/0

~:

6
*.40

t
K 50
F/g. 24. Ah sped in M R H.

.+vO

/#

. “/m

$
i

Mu

Y/m

@
r’7@23. A.? wed h At R h!

Km

the weight of an ordinary elevator, it is neces- tm
stiry to make a change (backward) of the ten- $ ,.
ter of gravity to increase the total up load on m
the tail, of which the elevatm will get a small 20
share; or, better, to decreasg the angular setting #
of the tail plane, which, as has been shown, 45 50 60 m
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increases the proportion of load on this part.
This is the function of the adjustable tail plane ~vhich can be used to minimize the stick forco
at any ordinary flight condition. 13ven R small change in elevator weight may greatly alter
the stability of the airplane because of the important changes that are made on the airplane to
balance it aerodynamically. & will be shown latef, these changes greatly affect the distribu-
tion of pressure on the tail surface.

The tail surface works normally at rather small a&les of incidence and with a small total
load; so that the center of pressure is often off of .@e. surface, thus having little significance.
The load on the tail generally reverses in sign at a certain speed making the center of pressure
curve discontin.uoust ‘l’he cmti of pr=s~e cww for Cme 1~~ me plot~d in @e 23 ~ai~t
air speed; a separate curve for each engine speed. me curv= are quite regular and the vectors
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are further forward with the lower engine speeds. At 65 mike per hour, where the load changes
sign, the vector passes off the rear and returna at the forward edge of the tail plane.

The center of pressure curves for the eIevator alone are shown in ilgure 24; the curves for the
various engine speeds being close kgether, with a tendency for the center of pressure to be fnr-
ther forward with higher engge speeds. The movacnent of the center of pressure is small, and
moves forward from 45 miles per hour to 60 mike per hour, but at high= speeds again moves to
the rear.

h figure 25 are plotted the moment curves of the elevator about its hinge for various engge
speeds and air speeds, and while it is evident that a ~great many of Lhe points do not lie on the
curve, because awry small error in drawing the pressure curve at the trailing edge of the eIevator
mtikes a great difference in the moment about @e hinge, these curves can be considered as fairIy
accurate, as they check with the moment curve obtained by measuring the direct force on
the control stick, and it may be considered that they are suf6cient1y correct for an ilhstration.
With a center of gravity position in this run-a coficient of 0.324—it is shown that the
moments are all positive; that is, there is a tendency of the air to lift the elevator. At low air ,
speeds this upward force on the elevator is rather sma.11, especia-lly at Low engine speeds; but
as the air speed is increased the load reachea a maximum at about 65 mks an hour. As the
speed increases from this value the curv= alI tend to go downward; that is, the upward f~rce
on the elevator is increased about proportionally to the air speed. In order ta cumplete the
data, in &ure 26 are plotted curves showing the angles of the elevator for a similar condition of
flight, and it is interesting to notice from these curves the small angle the ‘klevator moves through
for greatly chsngirg tlight conditions, and for this reason it is unnecessary in this report ta
resolve any of the forces on the elevator into the plane of the tail plane. These curves show that
the angle of the elevator is increased; that is, is more positive as the air speed increases up to
about 55 miles per hour; from this point onl however, the angle of the eIe-ratar sIightly decreases
and reach= about a neutral angle at the ~uher flight speed. It also shows that the higher
engine sp,eed requires the greater positive a@e of elevator settiig.

AC!XIAL PITOHEW3MOMENT ABOUT THE OEXJ!EBOF Gl?AVITTDUB TO TEE TAILPLANE.

The pitching moment produced by the tail phne about the center of gravity of the airplane
is evidently found by the product of the distance from the center of pressure of the horizontal
tail surfaces to the center of gravity and the load on the tail as found by integrating the pressure
over the whole of the horizontal surface. In -es 27 to 31 the curves as determined in this
way are plotted against the air speed in D@ per hour for vtious engge speeds. .As shown in
the curves for Case I, the pitching moment has a more positive due as the engine speed is
decreased, except at 600 revolutions per minute, which is in nearly s=Uthe other cases abnormally
high. The curves alI decrease from a negative b a more positive value as the air speed is
increased, and within the experimental error the curves are parallel; at low speeds the curves
become more nearly horizontal. It will be noted that in Case 1, where the center of gravity
was a Iarge distance back on the mean chordl that the curves for dii7erent engge speeds are
quite widely separated, while in Cases II, HI, and ~ the curves lie =ry closely together; but in
Case V the curves me again separated at high speeds, and it is a remarkable fact that the order “
of the curves in this case is entirely reversed; that is, that the curve at 1,400 revolutions per
minute is lowest and that at 600 revolutions per minute is l@hest. As the thrust line of the
engine is about 3 inches below the center of gravity of the airplane, it would be expected that
at high engine speeds the thrust would tend b produce a positive moment on the air@me md
that this wouId be r@sted by a pitchg or negative moment on the tail phms, and this is
evidently what happened in most of the cases. The reason for the abnorndly high negative
value of the pitching moment curve for 600 re~olutions per minute is not very clear, and it is
probably due to some effect of the sLip stream-r lack of slip stream-on the wings or body.
The complete reversal of the moment curves for C~e V, however, is still more puzzling and can
only be explained by the change in stagger— which wa: necessary in this case-producing
different forces by interaction with the slip stream. AS would be expected, the pitching moment
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curves have a more negative value as the center of gravity is moved forward, and, as wiU be
shown later on, the center of pressure curves from these moments show very good agreement
for all center of gravity positions.

CEhTEE OF PEE&URE TRAVEL COMPUTED PEO.M MOMIZXT CUFWES.

The distance of the center if pressure from the center of gravity of the airplane is etidentl-y
equaI to the moment. about the center of gravity due to the wings, divided by the weight of the
airphne, which is constant; so that in d csscs the center of pre~m curve fl be parflel to
the moment curve no matter wb~ position the center of gravity has. In figure 32 is shown
the center of pressure cur& for all cases and alW for the case of a wing tested in the wind
tunnel having the same section as that of the fdl-eized ~. In order to obtain the true
pitching moment of the wings alone, the moment of the chassis and body, alt.bough smd, must
be subtracted; so a model body and ch~s~ were tested in the wind tunnel in order to obtain
their true pitching moment about the center of gravity in each case (fig. 33]. These values,
corrected for smde, vvere then subtracted from the fulI-ecale pitching ‘moment due to the tail,
thus giving the. moment for the wingg alone. It will be seen that the redts of the several cases
check =rery closely, and it may be concluded that this center of pressure travel is very close to
that actudy occnrr@g in fright. The full-flight center of pressure travel is, however, con-
siderably farther forward than it ~ in the model, ~d this is the same conclusion that was.

I t I I
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reached by the British in their tests as noted previously. The difference is not great, but still
it is enough to account for a considerable lack of balance in the fu&size airplane if the center
of gravity position is computed strictly from wind-tunnel results. The tat.al travel of the
center pressure on the full-eized airphme is less thaq it is on the model; so that the full-sized
airplane might be expected to be more stable than the model under simiIar conditions.

THE EEUT(ON OF TEE STABILJTWTO THE PEESSUEE DISTEIBIYITONON THE TADLSURPA~.

The stability of the airplane is dependent upon two factors; the fit is the moment curve
of the wings alone, which in most cases is titnble, and the second the moment curve of the
tail, which is usually very stable. The first is mairdy affected by the wing section used, by the
amount of stagger, amd, most important, by the position of the center of gravity; the second
is affected almost entirely by the ler@h of the body and by the aspect ratio of the tail plane,
for the moment curve will evidentIy be more stable the more rapidIy the lift of the ttiil plane
is changed for a given change in the mgle of attack, and this change in slope of the lift curve
is mainly Mected by the aspect ratio of this surface. The stability of the airplane, then, can
be increased in two ways; first, by making the moment curve of the wings more stable, or,
second, by increasing the efficiency qf the tail surface.

The st.abiIity of an airpkme, as shown in Report No. 96, maybe measured in two ditlerent
ways; one vcith ilzed controls and the other with free controls, and, as is generally the caee, the
stabiIity with fixed control evidently depends on the change in the position of the elevat.ar for
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different fright conditions, whiIe the stability with free controls depends entirely on the forco on
the elevator for various flight conditions. It is this last condition which can be studied quite
readily from the distribution of pressure on the. tail surfaces, and iD no other wuy can the exact
process of the stabilizing effect on ths tail, plane be visualized.

In order to study more clearly the effect on the pressure distribution on the horizontal tail
surf aces of various changes in the airplane, the pressure distribution curves are shown in figure
34 for the different cases at 600 revolutiom per minute and at the various airspeeds investigated.
These curves are not drawn as accurately as the origi.rds and are only intended to bring togethor
in one place the various curves, so that they may be more easily comp arcd; but their accuracy
is quite sufficient for use as an illustration.

In Case I there is a marked up,wnrd pressure at the”leading edge of the ttiil phme at the lowest
speedsf but as the speed increas~ this region of upward pressure moves backward, and at about
00 miles per hour a region of downward prmsure appears at the lower side, increasing to larger,
and larger values as the speed increases. It will be .no.ticed that as the air speed drops from 60
to 50 miles per hour the upload on the elevat%r tic~eases (unstable) ~ due to increased suction
near the hinge. From 50 to 45 @es per hour the u.load incrensw (sts,ble), due to tho elimina-
tion of the downward pressure at the trailing edge of the elevator caused by its more ncgativo

~ , , a , I , , I I

4m ~. II. II
50

F*. 53’.
m m .90 /m
Air speed h M. P?H.

angle. On the other hind, ss tie speed ticre~es from 60 ~ 100 miles per hour the upload is
decreased (unstable) until at the highest speed the load becomes dgwnward, dud to a ncgativo
preesure region at the rear of the elevator caused by the positive elevator angle. At the high
speed not. only the weight of the elewtor ihti but be dbwmward air force must be held by the
pilot, making it necessary for him to ~~ert a considerable pull on the control stick; and if t.ho
control in this position were released the airplane would immediately nose over onto its back, a
thing which has actually happened with this type of airplane in actual flight.

It might be well to detlne here tie terms “ t~ ~fMvY!’ wd “nose heavy” as used bY ~lla
pilot. Generally speaking, the pilot considers an airplane nose heavy when thero is for tho
greater portion of the flying range ~ pull on the sti~k; inversely, it is ttiil heavy if there is an
undue push on the stick. This force on the stick m~y be due, how:ev~, to two causes: The first
is the weight of the elevator itself, which is no unimportant part of total stick pull, and the
second is the air load on the elevator, which, it will be se~, varies with the different flight condi-
tions. For a balanced condition of the control it k.necessary, then, to have an upward air force
on the elevator which is equivalent tci the weight of that member, and in some instances tlm ele-
vator is so heavy that this necessitates a large and gsudly detrimental change in the airplane to
affect this condition.
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In Case II the only chmge that h&s been made from the preceding is the movaent of the
center of gravity from a c%efhcient of 0.326 ta ().381. ‘It will be seen that there isno great change
in the distribution of pressure; a genemd increase on the upload of the tail surface is all that is
seen, as would be expected from a change in the center of gravity. The general characteristics
of the pressure on the elevator axe the same as before, except that the load on the e~evator is
more down-ward at low speeds and of about the same mdue at high speeds, so that the airplsne
is on the whole more nose heavy; still the” stability has been improved, this improvement being
due primarily,of course, to the more stable moment curve of the wings, and the tail load is
balanced by this moment.

In Case III the only change was the more negative setting of the tail plane; the pressure dis- ,
t.ribution, however, suffers a considerable alteration. In the first place, there is at the leading

edge a small region of upvmrd pr=ure at low speeds and a greater region at 10IVspeeds than
occurred in the preceding case, and, as was shown before, the distribution of pressure between
the tail plane and elevator is such as to increase the positive load on the elevator and decrease
that on the M phne. The elevator has a considerable upload in alI cases due to the elimina-
tion of the negative pressure mea at its trailing edge, and this is coniirmed by the decreased
nose heaviness in flight. The function of the adjustable tail plane, therefore, is not to aIter the
tohd load on the tail pkme, as this must be constant for any one ~~ht speed and center of gravity
position, but to vary @e distribution of load between the movablq ~d tied portion of the tail
surface, so that the moment &bout the elevator hinge may be made as small as desired. It is
evident by the pressure distribution curve that the stabdity is increased by a negative change
in the stabilizing angle; that is, there is less dow load on the eIevator at the higher flying
speeds.

In. Case ?’ where the tail pkne is invertec-that is, the flat surface uppermost-a very
considerable change in the pressure distribution is shown. The negative region at the leading
edge at low speeds is concentrated more nearly at the front, but at higher speeds the pressure
reverses and the positive region is more h the rear; so that the region of masimum pressure is
moved a considerable distance back on the taiI phme, and ahogefier there is a greater load on
the tail pkme than in any other case, as would be expected with a more forward position of center
of gravity. The pressure conditions on the elevator are quite different in this case, due chiefly
to the very forward position of the center of grayity, but undoubtedly the more efficient action
of the taiI plane in this position increas= the high speed stability as shown in Report No. 96.
There is a down load on the elevator at low speeds which changes to an up load as the speed
increases, producing considerable stability, although the airplane is at aII times rather nose
heavy.

In Case W the center of gratity coefficient was 0.370 and the special tail plane was used hav-
ing a greater span and a thicker section. The distribution of pressure over the taiI pkme is very
difierent from the other case$, and wme the pressure curves for similar conditions have some-
what the same shape, the down pre=u.re at the nose and the Up pressure at the taiI were very
much exaggerated, produc~~ ~~ceedingly large vahm at high speed; and these higher pressure
regions are concentrated on a very small portion of the chord in each case. It is also evident
from the curv= how great b“ the itabiIity of the ‘airpl~e with this tail plane even though the
center of gravity is far back-as the downward pr=sure on the elevator at low speeds rapidIy
increases with the air speed to rather great upward values.

THE EFFK7. CiFTHESlJPST5EA?? ON STASIUTY.

It has been olearly shown in Report No. 96 that the longituchd stability of the tad plane
is considerably decreasd by the effect of tie Vp stream On the tail surface, because if these
members are inconstant or nearly constant flow of air it is much more ditTicult to obtain stability
than if they are in an air flow which varies as the speed of flight. The efficiency of the tail
surface then will be proportional to the amount of area which is outside of the slip stream, so
that a tail plane of high aspect ratio is of great advantage in ,increasing the stability, not only
beeause it increases the steepm=s of the lift curve but because it has a cmsiderable amount of
area which is outside of the slip stream.
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The effect on the stability of an airplane from the variation in the slip stream caused by
chau=tig the engine speed is very complex and WIe actual data have been obtained on it. For
the purpose of showing more clearly the eflect on the pressure distribution over the taiI surfaces
with the variation in engine speeds, there are shown in figure 35 the various curves of pressure
distribution for the four engine speeds tried, and for the various conditions of the airpkme.
As in figure 34, these curves me not intended ta represent accurately the pr-ures, but are ordy
drawn in a general way b serve as an illustration; Case IV was omitted for the reason that it
showed no difference from Case III, and in Case ,VI there were no runs taken at 900 and 1,200
revolutioDs per minute.

The free control sta%iIity as determined for this airphme in Report No. 96 shows that in
general there is a pull on the stick, and the down load on the elevator is greateat at low engine
speeds. This effect is shown in all the casw, although it is not as evident viswdly as ~~ht be
expected because the downward pressure at the low engine speeds occurs at the trailing edge of
the elevator, and even though the total load on the elevatar does not decrease with the airspeed,
the moment about the h@e will be more negative with the lower air speeds. b all c= the
lower engine speed produces a greater download at the nose of the tafi plane and at the same time
a higher region over the hinge, and as the engige speed decreases there is a greater region of
down pressure at the rear of thb elevator.

How far the effect of the dip stream changes the distribution of pressure over the tail
surfaces by a ch~me b velocity or by a change in direction can not be determined untiI more
complete data are obtained on the Vp*tream direction and velocity around the tail surfaces.
It is necessary, however, to diatin.ggh between cause and effect; that is, there is a pitching
moment about the center of gravity due to the wings, the body, and the moment of the propeller
thrust about the center of gravity; all of which must be balanced by the load on the tail, and in
steady flight the elevator must be placed in such a position that this load produces a moment
about the center of gravity which is exactly equal to the total moment produced from the
other causes. Therefore, the change in total load on the tail surfaces at a ghen air speed must
be due to a change in moment about the center of gravity, caused either by the moment of the
propdler thrust about the center of gravity or by the Slipstream effect on the wingg and body;
on the other hand, the distribution of prem.re over the tail surfaces and the change in pressure
on the elevator in particular are determined by the direction and velocity of the air passing
over these surfaces, and this ch~uea (at constant flight speed) onIy with a ~ariation in the speed
of the engine. ‘iWh a constant setting of the elevator in an airplane wluch is flying, trimmed
at, say, 600 revolutions per minute, when the engine is opened up to 1,400 revolutions per
minute the average airplane will tend to climb. This is due not primarily to the fact that the
thrust line is slightly below the center of gravity but is mainly due to the fact that the dgoity
over the tad is greater and in a more downward direction-that is, the negati~e load on the
taiI is greater—which tends to raise the nose of the airplane to such an angle that the moment
of the tail pkme ia balanced by the moment of the wings about the center of gravity; therefore,
the more stable the airpkme the 1sss variation in air apeed will there be between various throttle
settings for equilibrium conditions.

SUGGESTIONS FOR FURTHER RESEARCE

k the value of a research is not ody in answe~ questions but also in finding questions
to answer, it is beIieved that a short discussion of the diflicultiea encountered in this investi-
gation and the problems for which a satisfactmy solution has not been arrived at wilI be of
value in guiding future work of this kind. It might be argued that unsolved probkma would
be of Iittle value to the average person, but the recognition of problems that are worth solving
is a step ahead in any branch of research and their suggestion may lead to new lines of thought.

One of the most important problems, and one on which there has been onIy a little light
shed, is the section of the taiI plane. It is seen from the tests in this report that the taiI plane
with a thick section gives very high local pressures at the leading edge and at the elevator hinge,
but at the same time it also gives to the airplane an excellent degree of stability; and the ques-
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tion that has not been answered is whether the eve~ distribution of pressure over the tail sur-
faces is incompatible with a stable t~ moment curve. It k suggested in Report Xo. 96 that
the point of maximum st.abfity depended upon the relation of the camber on the upper or
lower surface of the tail plane, and that a high upper camber gi=res stability at low speeds,
while a high lovrer camber gi-r~ stability at high speeds. AIM the results in this report show
conclusively that a taiI plane with a flat upper surface and a considerable camber below gives
a much more even distribution of pressure than the usual type of tail where the flat surface
is the lower. The whole problem, then, ccmsists in fi.nd~m that section which will give the
greatest stability with the most even distribution of load over the tail surface. Of coyrse in
some airplanes a high degree of stability is not required or e-win de@able, in which case it is
still best to use the most efficient tait section} and if the stability is to be reduced, to cut down
the mea of the surfaces.

bother unsolved problem which is of the greatest importance in the design of t aiI surfaces
is the investigation of the causes for the vibrations which occur in.some tail planes. It is believed
that this is the reason for the faihme of some tail planes which are structurally quite strong enough
to ~thstand the static load which is imposed upon them. The data from this investigation
show that there is in some instances a very great torsional load on the tail plane about the
Y-axis which produces a considerable change in the angle of setting of this member due to deflec-
tion, and this deflection in turn would cause a still greater change in the pitching moment; so
it is quite conceivable that pressure conditions could arise in which an oscillation would be
set up about the l--axis which might become d~meroucly la~e for certain speeds.

In regard to the changes in the methods and instruments which wouId be recommended
for another test of this kind, the fit would be the recording on the same fb with the pres-
sures, as at present, the value of the air speed, the engine speed, and the angle of the elevator.
This could be done very easily by measuring the air speed by the height of the liquid in one of.
the tubes in the same way that the pressures are measured, and the revolutions of the engine
could be recorded in the same way with a liquid column raised by a centrifugal pump as in the
Veeder liquid tachometer. The angle of the elevator couId be easily recorded by placing a
scale in the center of the gauge and hav@ a small pointer rurming over it on a flexible
wire connected to the control system. In this way a better check could be obtained upon
the accuracy of flying done hy the pilot, and it would also gi-ie additional data which vrould
be of value in studying the results of the pressure readingg. ~ mentioned before, the neces-
sity for making capillary corrections for each one of these tubes in the gauge was very laborious}
and in another instrument every effort would be made to obtain tubes of such uniform bore
that these corrections could be neglected. ●

CONCLUSIONS.

S’rwcmw Cowm)mimoss.

The most interesting rwult.s obtained from thse teds me, perhaps, the very low average
1ow-Iper square foot on the usual type of tail plane during stetidy Qht; so”mmll in fact that it
couId not in any conceivable -way cause failure, even on the weakest tail plane. With the tail
phne of thick sectioq however, the conditions were quite dMerent, even tlio~mh the average
load W- of come the same as before. A very high local down load occurred at the leading
edge and ~nv@Y a ve~ high Up load occurred at tie hin~e, which consequently produced a

very huge torsional moment about the lhxis of the airplane,so that this type of loading

@mht prove structurallyunsafe unless the front spar was made exceptionally stiff. It is sIsc)

shown that there may be considerable darger in the=use of an adjustable taiIplane which can

reduce the load on the controLsh a very small amount, yet the load on the tailplane itselfmay

be very large,in some cases dangerously so, without giving warning to the pilot. The advan-

t%= of ~ ~v=ted t.~ pl~~that. is,a sectionwith the greatest camber on the lower surface-

are made evident from the pressure curves, which show a much more even distributionof pres-

sure over the taiIsurfaces with this arrangement. The use of a tailplane of l@h aspect ratio

isin some cases a structural advantage because it brings the tips of the t.aiIsurfqce outside of
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t~e slipstrenm, and itisthe tip of the tailplane which carries a considerable proportion of the

load; and ifthe tip isin the slipstream, as is the case with a great many tailphmes, (hisload

isconsiderably augmented. In thii case the load may be uptiaid on one side of the tail plane
and down on the other, due to the rotation of the slip stream, producing m very largo torque

. about the X-axis of the airplane, while with the I@ aspect ratio plane this torquo is considerably
reduced.

STABILITY.

The conclusions reached on stability maybe summed up briefly by stating that the efficiency
of th~tail plane is increased by an increase in aspect ratio far more than by any other change,
and this is proved not only by pressure distribution but b~ theory and by tests on the stubility
of the airplane from measurements of the elevator force and position. The center of pressure
travel for the wings as determined from the integra~d pressure on the tail surfaces give curves
that are fairly consistent ~th themselves and with res~ts obtainod in another way by the British,
but the center of pressure is slightly further forward on the full size airplano than it is on the
model.
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